Abstract-In order to decrease the incidence of the development of ventral hernias along incision sites after midline abdominal laparotomies, it is critical that a relationship be established between tensile forces applied along the deep fascia and safety of closure. To quantify the tensile forces in the deep fascia, a pair of hemostats with articulating arms and beds and specially designed microhooks for attachment, were equipped with two strain gauges.
INTRODUCTION
The closure process for midline abdominal laparotomies, or vertical incisions through the linea alba of the abdominal wall, frequently results in complications and further damage to the surrounding tissues [1] . This damage often causes ventral hernias, which are abnormal protrusions of tissue or an organ from its normal cavity along an incision site [2] [3] .
During a laparotomy closure, the separated muscle pairs are first stapled shut [2] . The subcutaneous fascia, a continuous sheet of fibrous connective tissue, and the skin on both sides of the incisions are then securely sutured [2] [4] . If tensile forces applied to the wound during closure are too significant, the forced exerted on the deep fascia causes tissue ischemia, the restriction of blood flow to the tissue that limits the oxygen delivery, ultimately resulting in the formation of a ventral hernia [3] . Up to 20% of all normal midline abdominal laparotomy cases result in the development of a ventral hernia [5] .
In order to reduce the occurrence of a ventral hernia developing after an abdominal laparotomy, it is essential to determine the proper amount of tensile force to be applied along the deep fascia during closure. Currently, there is no definitive quantitative standard for the application of tensile forces along the deep fascia of the abdominal wall, and surgeons are guessing at their ability to safely close the incision.
The establishment of a relationship between the amounts of tensile force applied to the deep fascia and the safety of closure of the incision will allow surgeons to determine the optimal method for patient care. The development of this relationship began with measuring tensile forces in the deep fascia of the abdominal wall, and required the creation, validation, and testing of a novel medical device.
II. THE DESIGN PROCESS
To determine if the medical device would be a success, specific design criteria were set based upon project objectives, constraints, and specifications. It was vital that the device be: easy to use for the surgeons and seamlessly and quickly collect data; highly effective in terms of rapid and atraumatic attachment and detachment from the deep fascia; and safe, meaning both sterilizable to avoid infection and additional damage, and causing no harm to the patient or user. Keeping in mind these objectives and the main constraints of a $900 budget, an 8-month time frame, and necessary approvals for animal and human testing, various designs were conceptualized. Designs were evaluated by the researchers and the client, Dr. Raymond Dunn, Chief of Plastic and Reconstructive Surgery at the University of Massachusetts Medical School (UMMS). Input from Dr. Dunn allowed the final design to be selected and fully developed. Ultimately, this resulted in a conceptual design consisting of a specialized pair of hemostats instrumented with two strain gauges and articulating elements.
III. THE FINAL DESIGN
The final design, which can be seen in Fig. 1 , was altered and elaborated based upon the necessary specifications: it was to be used during approximate closure of the wound; it must not be an obstacle for surgeons, especially when suturing the incision; and it must securely attach to the deep fascia without puncturing the peritoneum. Specific elements of the design, namely the pivot at the hemostat bed, the hinge after the pivot, and the micro-hooks, were highly influenced by these design specifications. A major challenge of the design was attaching the hemostat bed to the deep fascia using the micro-hooks (seen in Fig. 1 ) because of the thickness of the deep fascia, which has been reported to be 156ȝm on average [4] . The hemostats have two major positions: straightened position, when the hinge cannot articulate because the locking collar is in place, keeping the hemostat arms completely straight (Fig 1) ; and bent position, when the hinge can function and the handles can be bent back, which can be seen in Fig 2. The hemostat beds are angled at 45° to allow the surgeon to comfortably approach the incision. The hemostat beds are also furnished with a pivot, allowing left to right motion. This ensures that the hemostat beds will always attach parallel to the deep fascia along the incision, keeping the tensile forces applied perpendicular to the hooks at all times and preventing premature release of the deep fascia.
The hemostats are equipped with two Vishay TN-505-4 strain gauges, which consist of a linear micro-miniature pattern and are able withstand temperatures ranging from -320°F to +350°F [6] . The strain gauges were bonded to the forceps as close to the pivot as possible, where the maximum moment occurs. They are located on the interior and exterior sides of one hemostat arm in the direction of the handle, and additional epoxies were used to protect the gauge from moisture during autoclaving.
The overall length of the hemostats are 21cm, keeping it within the standard 20cm hemostat range. From the hinge to the hemostat bed is 5cm to accommodate wound thickness. The thickness and width of the hemostats are 4mm. The hemostats, in straightened position, are attached to the deep fascia using the micro-hooks, and pulled closed. As they close, the ratcheting mechanism located on the interior portion of the handles can be used to lock the hemostats into position. While the hemostats are in straightened position and tensile forces are being applied, strain measurements are recorded, which can be later analyzed to numerically identify the tensile forces applied. The hemostats are then placed into bent position so suturing can occur.
IV. ANIMAL TESTING A rough prototype, seen in Fig.3 , was constructed from a pair of pre-existing medical grade stainless steel hemostats that were cut to the dimensions of the final model. Note that the hemostat beds are not angled and that the hinge was not incorporated into the rough prototype, keeping the hemostat prototype in straightened position at all times. In place of the custom micro-hooks, suture hooks were bent and attached to the hemostat beds (see inset in Fig.3) . A single strain gauge was bonded to the exterior of the right arm of the hemostats. The strain gauge was also placed after the pivot to allow for better strain measurements due to an increased sensitivity (see inset in Fig.3 ). Lead wiring from the gauge lead into a voltmeter and displayed voltages when the hemostats were in use.
Animal testing was conducted in the necropsy lab at UMMS using swine cadavers as an animal model. Swine were placed on their backs, legs secured, and a midline incision made vertically through the linea alba, effectively separating all muscle pairs and fascia. The micro-hooks were then attached to the deep fascia, and the hemostats were pulled closed, bringing together both sides of the deep fascia, as seen in Fig 4. It was noted that the hooks did not puncture through the deep fascia and did not slip when properly attached to the deep fascia. V. CONCLUSIONS Initial animal testing was considered to be a success due to proper attachment of the micro-hooks to the deep fascia and the ability of the strain gauge to read and collect data when the hemostats were in use. Additional swine testing is planned for further validation of the design. Human testing will occur upon approval of the Institutional Review Board of UMMS.
